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Abstract 
A systematic study has been conducted to investigate the matrix properties by introducing nanosize ZrO2 (60-100 nm, 0.5–10 
wt.%) fillers into an epoxy resin. High shear mixing process was employed to disperse the particles into the resin. The 
experimental results indicated that the frictional coefficient and wear rate of epoxy can be reduced at rather low concentration of 
nano-ZrO2. The lowest specific wear rate 0.1 x 10-4 mm3/Nm is observed for the composites with 0.5 wt.% which is decreased by 
95% as compared to the value of unfilled epoxy. Although the incorporation of nano-ZrO2 particles leads to increased flexural 
modulus and flexural strength of epoxy, the wear performance of the composites does not correlate with these static mechanical 
properties. In contrast, there is a positive correlation between wear resistance and impact strength (i.e. increase in impact strength 
correlates with a decrease in specific wear rate). 
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Organizing Committee of AMME 2014. 
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1. Introduction  
Over the past decades, polymer composites have been increasingly used as structural materials inaerospace, 
automotive and chemical industries, because they provide potential lower weight alternativesto traditional metallic 
materials. Among these applications, numerous are related to tribological componentssuch as gears, cams, bearings 
and seals etc., where the self-lubrication properties of polymers and polymer based composites are of special 
advantage. The feature that makes polymer compositespromising in industrial applications is the possibility to tailor 
their properties with special fillers withdifferent volume fraction, shape and size. The incorporation of well-
dispersed inorganic particles intoa polymer matrix has been demonstrated to be quite effective to improve the 
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performance of polymercomposites, including their friction and wear properties. It has been found that nano- or 
micro-sizedinorganic particles can be used to modify the tribological properties of polymeric materials [Wang et 
al.,1999; Durand et al., 1995; Zhang et al., 2002].In comparison with the widely used conventional micro-scale 
particles, nanoparticles have someunique features [Rong et al., 2001]. Firstly, a much higher specific surface area 
can promote stress transferfrom matrix to nanoparticles. Secondly, the required amounts of nanoparticles in polymer 
matrices areusually much lower than those of the corresponding micro-particles. Therefore, many intrinsic merits 
ofpure polymers such as lowweight, ductility, good processability will be retained after the incorporation of 
nanoparticles. Thirdly, the mechanical behavior of the bulk materials can be improved while the oftendisturbing 
abrasiveness of the hard micro-particles decreases remarkably by reduction of their angularity. 
 
It has been well established that the dispersion state of nanoparticles is a crucial factor for the finalproperties of 
nanocomposites. Unfortunately, due to their high surface energy, nanoparticles tend toform agglomerates or clusters 
in a polymer matrix, which can result in property degradations. Thisis especially the case when the fabrication of 
composites with high nanoparticle content is attempted.In order to obtain perfect dispersion of nanoparticles in 
polymer matrices, several methods have beenapplied to break down the clusters or agglomerates, including 
ultrasonic vibration [Kuo et al., 2005; Chisholm et al., 2005], special sol-gel technique [Matejka et al., 2000] and 
high shear energy dispersion process [Wetzel et al., 2003; Wetzel et al., 2006]. Among these methods,ultrasonic 
vibration is most widely used.Epoxies are widely used for high performance coatingsfor tanks and structures in the 
chemical process industry. They are used for potting of electrical componentsand for making fibre reinforced circuit 
boards. They produce highest strength and stiffness with stronger reinforcementssuch as boron and graphite. Their 
importance inpolymer composites is mostly due to their low viscosity for wetting and low shrinkage 
tendencies.There are special grades of epoxy for service temperatures up to ~176°C, but more expensive resinssuch 
as polyamides, silicones and bismaleimides replaceepoxies for service temperatures above 176°C. 
 
Ronget al.,2001, compared the effects of micro-TiO2 (44μm) and nano-TiO2 (10 nm) particles on the 
wearresistance of epoxy. Their results revealed that TiO2 nanoparticles remarkably reduced the wearrate of epoxy, 
while the micron-TiO2 particles did not. Similar conclusion was made by Ng et al., 1999.Zhu et al., 2006 pretreated 
silica nanoparticles with asilane coupling agent, which were then mixed with epoxy using Mannich amine as the 
hardener. Theyfound that the composite with 3% nano-SiO2 loading presented the best mechanical properties. 
Thetribological performance and thermal stability of the materials were also improved with the additionof 
nanoparticles.Xue et al., 1997found that variouskinds of SiC particles, i.e., nano, micron and whisker,could reduce 
the friction and wear whenincorporated into a PEEK matrix at a constant fillercontent e.g. 10 wt.% (~4 vol.%). 
Nanoparticlesresulted in the most effective reduction. Nanoparticleswere observed to be helpful in the formation of 
athin, uniform and tenacious transfer film, which led tothis improvement. The variation of ZrO2 nanoparticlesfrom 
10 to 100 nm was conducted by Wang et al., 1996.The results showed a similar trend as most of the micronparticles 
i.e. the smaller the particles were applied, thebetter was the wear resistance of the composites.Up to now, various 
inorganic nanoparticles e.g.Si3N4, SiO2, SiC, ZrO2, Al2O3, TiO2, ZnO, CuO and CaCO3 were incorporated into 
PEEK [Schwartz et al., 2000], PPS[Schwartz et al., 2000; Bahadur et al., 2005],PMMA [Avella et al., 2001], epoxy 
[Rong et al., 2001; Zhang et al., 2002], and PTFE [Li et al., 2002; Sawyer et al., 2003] matrices in order to improve 
their wear performance.In most of these cases, the optimum fillercontent of the small particles was always in a range 
between1 and 4 vol.% except for PTFE matrix composites.Relatively a few works could be cited on the sliding wear 
aspect of ZrO2 filled epoxy nanocomposites.In this context, the present work has developed a nano-ZrO2particle 
filled epoxy composite. A high shear mixingprocedure was used to uniformly disperse the nanoparticlesinto the 
epoxy resin. The effect of the incorporationof ZrO2on flexural properties, impact energy, friction and drysliding 
wear has been determined and analysed. 
2.0 Experimental 
Epoxy resin LY 556 (diglycidayl ether of bisphenol A) andhardener HY951 (triethylenetetramine) were supplied 
byHuntsman Advanced Materials Pvt. Ltd (Mumbai,India). ZrO2 nanoparticles were purchased from SigmaAldrich 
(Bangalore, India). ZrO2 represents the ceramic nanocrystalline phase and consists of primary particles inthe size 
range of 60–100 nm.Their large number is characterised by a very highspecific surface area of 100 m2/g. The 
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nanoparticles areprovided as a dry powder. This powder contains particleagglomerates with sizes in the micrometer 
range whichconsist of ZrO2primary nanoparticles sticking stronglytogether. Primary nanoparticles attract each other 
due toadhesive interparticle ‘van derWaals’ forces that originatefrom the material’s surface energy. 
 
The epoxy resin of known weight (g) was taken in abeaker. ZrO2 nanoparticles were added into the resin. 
Themixture was stirred using a homogeniser (Miccra D-9,speed range of 11 000–39 000 rpm) for 2 h. The highshear 
mixing results in the separation of particleagglomerates. The hardener (10 wt.% of resin) was thenadded into the 
mixture and stirred for 15 min. Themixture was then poured into the mould. Curing of thecomposite at 25°C for 24 
h and post-curing at 70°C for1 h were carried out. Composites with filler contents of0.5, 1, 5 and 10 wt.% were 
prepared. Flexural tests of pure epoxy resin and thecomposites were carried out in a UNITEK 9450 PC 
universaltesting machine in accordance with the ASTM D790standard at a deformation rate of 1 mm/min, 
whileunnotched impact tests were conducted in a FIE IT-30tester. Unlubricated pin-on-disc sliding wear tests were 
carried out inorder to determine the tribological properties of the nanocomposites.The disc material is made up of 
En-32 steel (diameter160 mm and thickness 8 mm) having hardness value of HRc 65.The surface roughness of the 
disc varies from 0.02 to 0.06 μm. Aconstant 80 mm track diameter was used throughout the experimentalwork. The 
counterface slid against the epoxy composite sample.Sliding was performed in air with the ambient temperature of 
around 25°C over a period of 1 h at a sliding velocity of 0.84 m/s and a normal load of 40 N. Prior to wear testing, 
all specimens werecleaned, that is, the sample was abraded with water–abrasive paper(600 grit), a super-fine water–
abrasive paper and liquid diamondpolishing agent successively. Then both the steel ring and the specimenwere 
cleaned with acetone and distilled water. After that thesteel ring and the specimen were dried at 70°C. The friction 
forcewas measured using a torque shaft equipped with strain gauges,and the friction coefficient was calculated by 
takinginto account the normal load and the friction force. The wear processtakes some material away from the 
sample. This mass losscan be accurately measured by measuring the weight of the specimenbefore and after the 
experiment. A characteristic value whichdescribes the wear performance under the chosen conditions for atribo-
system is the specific wear rate (Ks): 
 
                       (1) 
where Δ m is the mass loss in grams (g), ρ is the measured density of the sample in (g /mm3), FN is the normal load 
in (N) and L is the sliding distance in meters (m). In order to take repeatability into account, results from the 
frictionand wear tests were obtained from three readings and the averagevalue was adapted in our results.Scanning 
electron microscopy examinations on a JEOL -5400 wasused to study the morphology of worn surfaces. Before 
observation,the surface of the sample was sprayed with an even thin filmof gold powder to improve the conductivity 
of the surface. The aimwas to get information about the influence of fillers on the correspondingwear mechanisms. 
 
3.  Results and discussion 
 
3.1 Filler/matrix interfacial interaction revealed by mechanical performance 
 
As the present paper discusses the effects of nano-ZrO2 on the unlubricated tribological behavior of epoxy based 
composites, the interfacial bonding of the materials was evaluated by conducting the flexural tests. The stiffness of 
composite materials is a reflection of the capability of composite interface to transfer elastic deformation [Zhang et 
al., 1993]. From Fig. 1 it is clear that the addition of the nanoparticles increases the stiffness of the matrix. With a 
rise in filler content, the modulus increases mainly due to the contribution of the hard zirconia particles. The 
measured moduli of the composites depend not only on the interfacial interaction but also on the dispersion state of 
the nanoparticles.Filler content dependence of flexural strengths of the composites are shown in Fig. 2. In contrast to 
conventional microparticulate/epoxy composites characterized by reduced strength in comparison with that of 
unfilled matrix [Spanoudakis et al., 1984], the current nanocomposites are stronger than neat epoxy. This implies 
that the bonding between the particles and the matrix is effective enough to transfer plastic deformation. 
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The nano-ZrO2 particles are able to provide epoxy with higher impact toughness (Fig. 3). Singh et al., 2002  
considered that crack front trapping is the primary extrinsic toughening mechanism involved in nano-ZrO2 filled 
brittle thermosetting polymer. The impact strengths of the composites with nano-ZrO2 are higher than that of neat 
epoxy at low nanoparticle content (0.5 wt.%). When the filler loading is further increased, the impact toughness of 
the nano-ZrO2/epoxy systems increased slightly or even somewhat decreased. It means that the current processing 
technique did not bring out the positive effect of nanoparticles into full play. Although filler/matrix adhesion is 
improved, agglomeration of the particles is severe at high filler contents. 
 
Fig. 3. Showing the variation in Impact strength of unfilled epoxy and nano-ZrO2/epoxy composites. 
 
3.2 Dry sliding wear behaviour 
 
In general, the friction and wear properties do always describethe whole tribological system rather than a 
material propertyalone.It was found thatthe ZrO2-epoxycomposites exhibited decreased Ksincomparison to the neat 
epoxy. The Ks sharply decreased when nanoparticle content was below 0.5 wt.%.0.5 wt.% ZrO2-epoxy exhibited the 
lowestKs.Although, the Ks increased withincreasing ZrO2 content above 0.5 wt. %,it was still lower compared to neat 
epoxy. 0.5 wt.%ZrO2-epoxy composite showed the Ks value of  0.1 x 10-4 mm3/Nm(- 95%) compared to the neat 
resin’s value of 2.0x10-4 mm3/Nm. Rong et al.,2001 examined the influence of microstructure on the tribological 
performance of nanocomposites by different compounding methods. They confirmed that the dispersion state of the 
nanoparticlesand micro-structural homogeneity of the fillers improve the wearresistance significantly. The 
phenomenon reported in the present work is similar to what is reported by Rong et al., 2001. However, a further 
increase in filler loading leads obviously to a deterioration ofthe Ks value. A change in the wear mechanism could be 
involved which may be ascribed to the large amount of zirconia particles causing a higher abrasive wear. Some 
aspectsof the reinforcing role that ceramic microparticles can play in thetribological behaviour were studied by 
Durand et al., 1995, who foundthat large particles protect the matrix better than smaller ones becausethey can shield 
the polymer if they are not pulled out. Smallparticles, on the other hand, were removed and then involved in 
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Fig. 1. Flexural moduli of unfilled epoxy and nano-
ZrO2/epoxy composites. 
Fig. 2. Flexural strength of unfilled epoxy and nano-
ZrO2/epoxy composites. 
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anabrading wear process. 
 
Besides improving the wear resistance, the nanoparticles alsoreduce the coefficient of friction as shown in Fig. 5. 
Evidently, the nanocomposite with 0.5 wt.% ZrO2 has the lowestfriction coefficient. The coefficient of friction 
decreases from 0.57 for unfilled epoxy to 0.38 at 0.5 wt.%. Detachment of nanoparticles and small amountof the 
surrounding matrix plays the main role in the material removal due to wear. The detached nanoparticles might also 
act assolid lubricant. These account for the lower specific wear ratesand friction coefficients of the 
nanocomposites.By comparing the tribological data presented here withthe mechanical properties of the materials 
given in the last section,it is hard to find the influence of flexural modulus andstrength, whereas there is certain 
similarity between the ranksof impact strength (Fig.3) and tribological properties(Figs. 4 and 5) i.e. higher impact 
strength generallycorresponds to lower specific wear rate and frictionalcoefficient. Since both the flexural and 
Charpy impact testsare conducted using three-point bending configuration, the response of the materials to high 
speed loadingcan somehow emulate their wear and friction behavior,probably because the flaw initiation and 
development underimpact circumstances bear analogy to those under slidingwear circumstances. 
 
 
To have more information about the variation in wear behaviordue to the addition of the nanoparticles, 
morphologiesof the worn pins’ surfaces were examined by SEM atan identical magnification (Figs. 6a-d).The main 
features on the worn surface of the neat epoxy are severe damage characterized by the disintegration of the top 
surface,wear debris and deep grooves in the sliding direction (Fig. 6a).Polymer fragments of the size of 
micrometersdetach and leavesmall craters behind. These polymer fragments, which might becaptured between the 
counterface and the pin sample, abradethe sample surface leading to even more substantial loss ofmaterial.In the 
case of filled nanocomposites, the appearances are completely different and become rather smooth. Although the 
ploughing grooves are still visible on the sample surface,the groove depths are shallow on 0.5 wt.%filled epoxy 
(Fig. 6b) andat some region, the grooves are simply invisible. It seems the low filler loading is sufficient and can 
bring about significant improvement in wear resistance. Very fine scratches are visible resulting from the nano 
fillers pulled out ofthe matrix (Fig. 6b), and then further moved across the surface by scratching and rolling. Thus, it 
can be concluded that the abrasive wear ofneat epoxy is replaced by fatigue wear when the nanoparticles 
areintroduced. Due to their size, the particles should be able to moveinto gaps in the counterface and may then be 
exposed to rollingrather than sliding/scratching movement. Large matrix fragmentsare not found. During sliding, a 
rolling effect of nanoparticles couldreduce the shear stress, the friction coefficient and the contacttemperature. The 
matrix damages in the interfacial region were reduced by this rolling effect. In thepresent work, the wear–
resistantZrO2/epoxy composite transferred well to thecounterface and its transfer film was thin, uniform and 
adheredstrongly to the counterface. Thus the improvement in the tribological behaviourof nano-ZrO2filled epoxy 
composite is related tothe improved characteristics of the transfer film. However, thewear resistance suffers if the 
filler loading exceeds 0.5 wt.%andthe large amount of nanoparticles cannot provide any wear reducing effect. 
Abrasive wear is accompanied by delamination and fatigue cracking of the matrix (Figs. 6c-d). 
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Fig. 6. SEM photos of the worn surfaces of (a) unfilled epoxy, (b) 0.5 wt.% ZrO2/epoxy, (c) 5 wt.% ZrO2/epoxy and 
(d) 10 wt.% ZrO2/epoxy nanocomposites. 
4. Conclusions 
 
This study focused on the development of nanocomposites with properties superior to the unfilled epoxy. The 
following conclusions can be drawn: 
 
1. Nano-ZrO2 particles prove to be quite effective in lowering friction coefficient and wear rate of epoxy 
composites sliding against steel. Microscopic observation of the worn surfaces indicates a positive rolling effect 
of the debris (matrix and nanoparticles) between the sample and the counterface. This effect becomes more 
remarkable when the nano-ZrO2 content is 0.5 wt.%. 
2. The wear resistance of epoxy nanocomposites considerably increases with increasing content of nano-ZrO2. The 
wear resistant epoxy composite which was filled with ZrO2 particles transferred well to the counterface and its 
transfer film was thin, uniform and adhered strongly to the counterface. Thus the improvement in the 
tribological behaviour of ZrO2 filled epoxy composite is related to the improved characteristics of the transfer 
film. An optimum wear resistant composition was found to be epoxy with 0.5 wt.% nano-ZrO2 particles. 
3. Nano-ZrO2 filled epoxy composites show signs of mild abrasive wear due to the hard ceramic particles. The 
main wear mechanism of composite changed from the severe abrasive wear (for unfilled epoxy) to mild abrasive 
wear. 
4. Mechanical properties determined by static three-point bending do not exert remarkable influence on the wear 
behaviour of the materials. Instead, Charpy impact strength seems to have some relationship. The increased 
(a) (b) 
(c) (d) 
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impact toughness of the composites as a result of nano-ZrO2 incorporation corresponds to high wear resistance 
and low friction. 
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